Introduction
Ornithine cycle amino acids and urea serve well as nitrogen sources for Chlorella ( 1, 6, 19, 25) . The metabolic pathways involved have been the subject of speculation, since certain evidence indicated that the classical mechanisms used by a number of other organisms might not operate in Chlorella. For example, Hattori (6) could not demonstrate arginase activity in extracts of this organism. Walker and Myers (26) , however, presented some evidence for arginine desimidase in acetone-dried cells. In adldition, neither Walker (25) nor Hattori (6) could denmonstrate urease activity. From these observations, the possibility of urea utilization by Chlorella, without prior hydrolysis to CO., and NH3, wvas recognized. Our objective wvas to study the metabolism of these compounds by Chlorella more closely, and to determine, if possible. the pathvwavs involved. Free amino acid changes in the organism were measured after short exposures to urea and intermediates of the ornithine cycle, and the appearance of C14 w%as determined in various amino aci(ls after short exposures of the cells to C14-labele(d urea and certain intermediates of the cycle.
Materials & Methods
Cells of Chlorella 'vulgaris Beijerinck var. viridis (Chodat). were grown in a low-nitrogen medium as previously described (Reisner et al., 13) . At a time when a growth curve showed that the number of cells was approaching a constant value, they w%ere concentrated by centrifugation and resuspension in a smaller volume of medium (1.0-1.5 nil cells/10 ml).
Quantities of the dense cell suspension were added to flasks containing enough ornithine, citrulline, arginine, or urea to make the final nmixture 0.01 al in these substrates. Samples of these mixtures were taken at zero time and at appropriate intervals thereafter, and pipetted into centrifuge tubes which were 1 Received Feb. 6, 1962 . 2 cooled rapidly to ca. 0 C. The suspensions were then centrifuged in a refrigerated centrifuge as rapidly as possible (about 5 mmin) and the supernatant liquid was discarded. Aqueous ethanol (80% ), which had been cooled by a dry ice-ethanol bath, was mixed with the cells an(d allovedl to warm to room temperature overniglht. The procedures for extraction and processing of the extracts and for subsequent amino acid analysis were those describe(l before (13, 21, 22) . Amino acids routinely studied wrere those indicated by Reisner et al. (13) .
In experiments dlealing with metabolism of C'4-labeledl amino acids and urea by Chlorella, the procedure was sinmilar except that the comlpoun(ls were supplied in much lower concentrations than in the experiments with unlabeled compounds. The specific activities of the compounds were rated in Acuries per mg: arginine. 510: ornithine. 630: urea. 33; proline, 640; y-amino butyric acid. 100. Amounts of these compounds giving 0.5 yicurie per 100-ml sample, or 1. The effects shown in figure 1 were discussed in a previous communication (2) .
Urea Metabolism. During utilization of urea by low-nitrogen Chlorella cells, endogenous glutamate increased substantially throughout the 30-minute experiment (fig 2) . Alanine decreased initially, but increased slightly toward the end of the experiment. This pattern of changes is quite different from that resulting from ammonia feeding (fig 1) . Glutamine was the only other amino acid studied which increased significantly in this experiment. The rate of glutamine increase was much slower, however, than in the case of ammonia feeding.
The utilization of urea by Chlorella was further studied by feeding C14-labeled urea to the low-nitrogen cells and subsequently determining the appearance of C14 in various amino acids (table I) . Glutamate, alanine, glutamine, aspartate, and serine acquired more C14 than did other amino acids. Glutamate and alanine contained the most C14 on an absolute basis probably because the larger pools of these compounds tended to trap the radioactivity. Apparently much of the carbon incorporated into these acids, as they are synthesized after urea administration, is derived from urea carbon. The specific activities of other amino acids, particularly that of aspartate, were high, probably because of the initially low pool sizes of these acids. In experiments with normal, nitro- figure 3 . After a pattern similar to that for citrulline feeding should Proline Metabolism. Labeled proline was utilized very slowly by the Chlorella cells. This fact is demonstrated by the low quantity of labeled carbon appearing in other amino acids of Chlorella after introducing uniformly-labeled proline (table IV) . An interesting fact is that the compound assumed to be y-aminobutyric acid is more radioactive than glutamic acid. Likewise, unlabeled proline, even at high concentrations (10 mM), was utilized very slowly by Chlorella. Metabolism of y-Aminobutyrate. In one experiment where citrulline and urea were fed to Chlorella, endogenous y-aminobutyrate decreased (data not shown). This led us to consider possible participation of y-aminobutyrate in cycles involving these compounds and, therefore, we examined the distribution of C14 in the various amino acids after feeding labeled 'y-aminobutyrate. Endogenous glutamate, aspartate, alanine, and proline were rapidly labeled after supplying cells C14-_y-aminobutyrate (table V). In comparing the differences in the amino acid changes between ammonia-fed and urea-fed cells, it was obvious that the differences might be due to ammonia being absorbed and metabolized more rapidly than urea. To test this possibility two experiments were performed. In one experiment, ammonia was given to cells at lower concentrations ( 10-3, 10-4, 10-5, & 10-6 Al) as compared with 10-2 Al in previous experiments (2) . In a second experiment, sufficient ammonium chloride was added every minute to make the total concentration 10-4 Al or 10-5 Ai. In neither experimenit was a urea-like pattern observed, indicating that the urea-like pattern was not a result of a slow rate of absorption or metabolism.
Discussion
Demonstration of ornithine cycle amino acids in various plant tissues led certain investigators to suggest that a cyclic meehanism involving these and urea, similar to that present in nmanmmals and microorganisms, might exist also in plants (9) . Naylor (10) (fig 3) suggests that a relationship between glutamlate, proline, and ornithine exists similar to that in maimmiiials andl Neurospora (16), (24) , or E. coli (23) . Although proline did not increase during ornithine utilization, radioactivity did appear in proline after administering 2-C14-ornithine, giving further evidence for the glutamate-proline-ornithine interrelationship.
Further conclusions that can be (Irawn from the labeled and unlabeled ornithine feeding experiments are that citrulline and arginine are readily produced, and derive some carbon, from ornithine. Alanine showed some radioactivity, w,Nhich presumably wvas (lerived through catabolism of glutamate via the citric acid cycle with subsequent randomization of C14. Besides. indicating the interrelationship between glutamate, ornithine, and proline, these (lata also strongly suggest that parts of the ornithine cycle are operative, i.e., reactions occur leading to the prodluction of argininefrom ornithine. Rapid production of glutanmate, following exposure of the cells to citrulline, is interpreted to occur via the ornithine-glutamic semi-aldehyde pathway after ornithine is formed fronm citrulline. A slower production of alanine was presumably a reflection of increased respiratory activity which is associatedl with assimilation of nitrogenous compounds by nitrogen-starved cells (6, 18 Hattori's (6) failure to demonstrate an arginase in Chlorella and Walker's (26) apparent demonstration of arginine desimidase activity in preparations from the organism, plus our own data, lead us to believe that in this organism, arginine is degraded primarily by the desimidase. The rapid formation of alanine, which parallels citrulline formation during the first 15 minutes after arginine feeding, and the striking production of glutamine support this hypothesis. The formation of alanine and glutamine reflects the high concentrations of free ammonia present in the cells; the pattern being similar to ammonia feeding (fig 1) . The other results in figure 5 are similar to those obtained with citrulline feeding.
In our experiments, uniformly labeled proline was metabolized slowly by Chlorella, possibly reflecting slow penetration of proline into the cells. This idea is supported by the slow utilization of unlabeled proline. As shown in table IV, low amounts of radioactivity appeared in the various amino acids in comparison to treatment with other C14-labeled materials. The acid acquiring the highest amount of label from C14-proline was y-aminobutyrate. No mechanism known would account for this rather surprising observation. There is a distinct possi-I ility that the spot on the chromatogram taken for y-aminobutyrate was in reality 8-aminovalerate, because these two compounds run closely together on the chromatogram. A mechanism is known for the production of the latter compound from proline (15) . The distribution of the label in other amino acids did not give much further information about the metabolism of proline.
From the results on y-aminobutyrate utilization by Chlorella (table V) , it is impossible to conclude whether or not there might be a more direct route from y-aminobutyrate to glutamate than via succinicsemialdehyde and the Krebs cycle. The much greater total amount of label in glutamate might suggest that glutamate is an early product of y-aminobutyrate metabolism. The pattern of labeling after y-aminobutyrate feeding is similar to that for urea feeding, but further experiments are required to determine if this similarity is more apparent than real. A pathway that leads from y-aminobutyrate to glutamate may exist and the possibility is supported by evidence obtained by Warburg et al. (27) .
The results of the experiments described in the The organism departs from the classical pathway in that it does not appear to perform the arginase catalyzed reaction, but rather degrades arginine via the arginine desimidase catalyzed reaction.
Comparison of free amino acid changes in Chlorella after urea feeding, to those after ammonia feeding, indicated that the usual urease catalyzed hydrolysis of urea might not occur. This indication was strengthened by the observed distribution of radioactive carbon in amino acids after feeding C14-urea, and by our inability to demonstrate urease activity in extracts of this organism.
A close interrelationship between glutamate, proline, and ornithine was found by their rapid interconversions. This agrees with known pathways in animals and microorganisms.
